Two models have been proposed for endophilin function in synaptic vesicle (SV) endocytosis. The scaffolding model proposes that endophilin's SH3 domain recruits essential endocytic proteins, whereas the membrane-bending model proposes that the BAR domain induces positively curved membranes. We show that mutations disrupting the scaffolding function do not impair endocytosis, whereas those disrupting membrane bending cause significant defects. By anchoring endophilin to the plasma membrane, we show that endophilin acts prior to scission to promote endocytosis. Despite acting at the plasma membrane, the majority of endophilin is targeted to the SV pool. Photoactivation studies suggest that the soluble pool of endophilin at synapses is provided by unbinding from the adjacent SV pool and that the unbinding rate is regulated by exocytosis. Thus, endophilin participates in an association-dissociation cycle with SVs that parallels the cycle of exo-and endocytosis. This endophilin cycle may provide a mechanism for functionally coupling endocytosis and exocytosis.
INTRODUCTION
Neurotransmitter released at synapses is drawn from a pool of recycling synaptic vesicles (SVs). SVs are consumed by exocytosis and are recycled by endocytosis. To maintain a releasable pool of SVs, the rates of exo-and endocytosis must remain in balance. Stimuli that increase SV exocytosis rates produce corresponding increases in endocytosis rates, whereas endocytosis is arrested following blockade of exocytosis (Dittman and Ryan, 2009 ). Relatively little is known about how endocytosis is regulated or how the competing processes of SV exocytosis and endocytosis are coordinately regulated.
To begin addressing these questions, we focused on the endocytic protein endophilin. Endophilin is a conserved protein harboring two functional domains: an N-terminal BAR (Bin-amphiphysin-Rvs) domain and a C-terminal SH3 (Src homology 3) domain. Inactivation of endophilin produces profound defects in SV endocytosis (Schuske et al., 2003; Verstreken et al., 2002) ; however, the mechanism by which endophilin promotes endocytosis has remained controversial.
Several studies suggest that endophilin acts primarily as a scaffold, recruiting other essential endocytic proteins via its SH3 domain (Dickman et al., 2005; Gad et al., 2000; Ringstad et al., 1999; Schuske et al., 2003; Verstreken et al., 2002 Verstreken et al., , 2003 . Endophilin's SH3 domain robustly binds to proline-rich domains (PRDs) in dynamin and synaptojanin. Antibodies or peptides that interfere with endophilin's SH3-mediated interactions impair SV recycling and cause accumulation of clathrincoated vesicles at lamprey synapses. In flies and worms, mutants lacking endophilin have decreased synaptic abundance of synaptojanin (Schuske et al., 2003; Verstreken et al., 2003) . Based on these data, endophilin was proposed to primarily function as a molecular scaffold.
Analysis of endophilin's BAR domain suggests an alternative model. Recombinant BAR domains bind liposomes and induce positive curvature of their membranes, as evidenced by the conversion of spherical liposomes into elongated tubules (Farsad et al., 2001) . The endophilin BAR domain also alters membrane morphology in transfected cells (Itoh et al., 2005) . Based on these data, endophilin (and potentially all BAR proteins) was proposed to function by bending membranes. Crystallographic studies suggested a potential mechanism for the endophilin membrane-bending activity (Gallop et al., 2006; Masuda et al., 2006) . Homodimers of the endophilin BAR domain form a concave membrane-binding surface, and specific hydrophobic residues in the BAR domain are proposed to insert into the outer membrane leaflet. Both of these features are predicted to promote positive membrane curvature. Although these studies clearly demonstrate endophilin's membrane-bending ability, whether this activity is required for its endocytic function has not been tested. Although all BAR domains share these in vitro membrane-bending activities, each BAR protein regulates distinct steps in membrane trafficking. Relatively little is known about how BAR proteins are specifically targeted to distinct membrane-trafficking events.
Here we examine the functional importance of the scaffolding and membrane-bending activities of endophilin. We show that the membrane-bending activity is essential for endophilin's function and that endophilin undergoes an association-dissociation cycle with SVs that parallels the cycle of exo-and endocytosis. We propose that this endophilin cycle provides an activity dependent mechanism for delivering endophilin to endocytic zones.
RESULTS

Endophilin Function Requires the BAR Domain but Not the SH3 Domain
Due to their endocytosis defects, unc-57 endophilin mutants have a smaller pool of SVs and a corresponding decrease in synaptic transmission (Schuske et al., 2003) . We exploited three unc-57 mutant phenotypes as in vivo assays of endophilin function. First, unc-57 mutants had decreased locomotion rates (Figures 1A and 1B; 147 ± 9 mm/s, unc-57 33 ± 3 mm/s; p < 0.001). Second, unc-57 mutants had a decreased rate of excitatory postsynaptic currents (EPSCs) at body muscle NMJs (Figures 1C and 1D ; EPSC rates: WT 38 ± 2.1 Hz, unc-57 12 ± 0.9 Hz; p < 0.001). The mean EPSC amplitude was not significantly altered in unc-57 mutants (see Figure S1A available online; EPSC amplitudes: WT 22.7 ± 1.4 pA, unc-57 20.7 ± 0.6 pA; p = 0.25). Third, when endocytosis rates are diminished, the SV protein synaptobrevin becomes increasingly trapped in the plasma membrane. We utilized SynaptopHluorin (SpH) to The phenotypes of wild-type (WT), unc-57(e406) endophilin mutants, and the indicated transgenic strains were compared. Transgenes were mCherry tagged UNC-57 variants, including full-length (FL; residues 1-379), BAR domain (residues 1-283), and DN (residues 27-379). Transgenes were expressed in all neurons, using the snb-1 promoter. Expression levels of these transgenes are shown in Figure S1 . Figure S1 and Figure S2 . measure changes in surface synaptobrevin (Dittman and Kaplan, 2006) . SpH consists of a pH-sensitive GFP tag fused to the extracellular domain of synaptobrevin. In SVs, SpH fluorescence is quenched by the acidic pH of the vesicle lumen. Following SV fusion, SpH fluorescence on the plasma membrane is dequenched (Dittman and Ryan, 2009) . Endophilin mutants had an 83% increase in SpH axon fluorescence compared to wildtype controls, consistent with a defect in SV endocytosis (Figures 1E and 1F) .
Using these assays, we tested the importance of the BAR and SH3 domains for endophilin's function. Full-length and truncated UNC-57 proteins were expressed in unc-57 mutants. Each construct was tagged with mCherry at the C terminus, to control for differences in transgene expression ( Figure S1B ). Quantitative RT-PCR analysis showed that unc-57 transgenes were expressed at approximately twice the level of the endogenous unc-57 mRNA ( Figure S1C ). Mutant UNC-57 proteins lacking the SH3 domain fully rescued the locomotion, EPSC, and SpH defects (Figure 1 ). By contrast, UNC-57 proteins containing a BAR domain mutation that disrupts membrane binding (DN, deletion of N-terminal 26 residues; Gallop et al., [2006] ) lacked rescuing activity in all three assays (Figure 1) . Thus, UNC-57 endocytic function requires the membrane-binding BAR domain but does not require the SH3 domain.
Testing the Scaffolding Model
Although the SH3 domain was not required for rescuing activity (Figure 1) , it remained possible that UNC-57 primarily functions as a scaffold molecule recruiting other endocytic proteins. We did several experiments to further test the scaffolding model. Consistent with prior studies (Schuske et al., 2003; Verstreken et al., 2003) , we found that the fluorescence intensity of GFP::UNC-26 synaptojanin puncta was slightly reduced in the unc-57 endophilin mutants (83% wild-type level; p < 0.01) ( Figures S2A and S2B) . Photobleaching experiments demonstrated that approximately 50% of GFP::UNC-26 was immobile in wild-type animals and that this immobile fraction was unaltered in either unc-57 mutants or in mutants rescued with the BAR domain ( Figures S2D-S2F) . Consequently, synaptojanin must have additional binding partners beyond endophilin at synapses. Expressing mutant UNC-57 proteins lacking the SH3 domain rescued the unc-57 endocytic defects but failed to rescue the UNC-26 synaptojanin localization defects. In fact rescued animals had less UNC-26 puncta fluorescence than was observed in unc-57 mutants (50% and 80% wild-type levels, respectively, p < 0.001) (Figures S2A and S2B) . Similarly, expressing a mutant UNC-26 protein lacking the PRD rescued the locomotion defects of unc-26 mutants ( Figure S2C ). These results agree with a prior study showing that mutations preventing the interaction of mouse synaptojanin and endophilin caused only modest endocytic defects (Mani et al., 2007) . Collectively, these results support the notion that interactions between endophilin and synaptojanin do not play an essential role in SV endocytosis, although it remains possible that these interactions regulate endocytosis in some manner. These experiments also suggest that the modest changes in UNC-26 synaptojanin targeting are unlikely to account for the unc-57 endocytic defect.
To further address the scaffolding model, we analyzed two additional endocytic proteins. GFP-tagged dynamin (DYN-1::GFP) and the AP2a-subunit (APT-4::GFP) were both localized to diffraction-limited puncta adjacent to presynaptic elements (labeled with mRFP::SNB-1), suggesting that these reporters are localized to perisynaptic endocytic zones. DYN-1 and APT-4 puncta intensities were significantly increased in unc-57 mutants ( Figure S2 ), indicating increased synaptic abundance when endophilin was absent. Mislocalization of DYN-1 in unc-57 mutants could arise from the absence of DYN-1 interactions with the UNC-57 SH3. Contrary to this idea, expression of mutant UNC-57 proteins lacking the SH3 corrected the DYN-1 puncta defects, whereas those carrying mutations that prevent membrane binding (DN) abolished rescuing activity. These data suggest that the increased synaptic recruitment of DYN-1 and APT-4 observed in unc-57 mutants is a secondary consequence of the endocytic defect and do not support a role for endophilin as a molecular scaffold.
Testing the Membrane-Bending Model
To test the membrane-bending model, we analyzed mutations that disrupt various aspects of BAR domain function in vitro. For these experiments we used the BAR domain derived from rat endophilin A1 (rEndoA1) because the impact of these mutations on BAR domain activity and structure has only been analyzed for the mammalian proteins. Transgenes were expressed at similar levels ( Figure S3A ). Expression of rEndoA1 BAR rescued the locomotion, SpH, and EPSC defects of unc-57 mutants (Figure 2 and Figure S3B Endophilin's tubulation activity in vitro is diminished by mutations that prevent dimerization of the BAR domain (DH1I) and by mutations that replace hydrophobic residues in the H1 helix with polar residues (M70S/I71S double mutant) (Gallop et al., 2006) . Conversely, membrane-bending activity is enhanced by a mutation that increases hydrophobicity of the H1 helix (A66W) (Masuda et al., 2006) . Due to its increased membrane-bending activity, the A66W protein also lacks tubulation activity and, instead, promotes vesiculation of liposomes. None of these mutations significantly alters the membrane-binding activity of the BAR domain in vitro (Gallop et al., 2006; Masuda et al., 2006) .
Transgenes encoding mutant rEndoA1 BAR domains were expressed in unc-57 mutants. Both the dimerization mutant (DH1I) and the tubulation defective mutant (M70S/I71S) had significantly less rescuing activity for the unc-57 locomotion, SpH, and EPSC rate defects compared to the wild-type rEndoA1 BAR domain (Figure 2 and Figure S3B ). Interestingly, the A66W mutant (which has enhanced membrane-bending activity) also exhibited decreased rescuing activity in all three assays (Figure 2 and Figure S3B ). None of these tubulation mutants significantly altered endogenous EPSC amplitudes ( Figures S3C and S3D ). These results indicate that endophilin mutations altering membrane tubulation activity produce corresponding defects in SV endocytosis in vivo, consistent with the membranebending model. These results also suggest that decreased and increased membrane-bending activities are both detrimental to SV endocytosis.
Specificity of the BAR Domain
Membrane association and in vitro tubulation activities are common features of most if not all BAR domains; however, only a few BAR domain proteins have been implicated in SV endocytosis. Thus, BAR domains must have other features that confer specificity for their corresponding membrane-trafficking functions. To test this idea we analyzed BAR domains derived from two other proteins. The endophilin B and amphiphysin BAR domains both have in vitro tubulation activity (Farsad et al., 2001; Peter et al., 2004) . Nonetheless, neither BAR domain was able to rescue the unc-57 locomotion defects ( Figure 2D ), although both were well expressed and targeted to axons (data not shown). By contrast, efficient rescue was observed with transgenes expressing rat and lamprey endophilin A proteins. These results suggest that only endophilin A BAR domains can promote SV endocytosis.
To compare their functional properties, we expressed the BAR domains derived from the three rat endophilin A proteins in unc-57 mutants. The rEndoA1 and A2 BAR domains fully rescued the unc-57 locomotion defect, whereas the A3 BAR domain had significantly less rescuing activity ( Figure 2F ). Comparing the H1 helix sequence of these isoforms suggested an explanation for this discrepancy. The rEndoA3 H1 helix contains a hydrophobic tyrosine residue at position 64, whereas the corresponding residue in the A1 and A2 isoforms is serine ( Figure 2E ). An rEndoA3(Y64S) transgene had significantly improved rescuing activity for the unc-57 locomotion defect ( Figure 2F ). These results suggest that sequence differences in the H1 helix contribute to the functional specificity of BAR domains.
Endophilin Is Targeted to the SV Pool
To further examine how endophilin functions in endocytosis, we analyzed where endophilin is localized in presynaptic elements. For these experiments we utilized an UNC-57 construct (UNC-57::CpG) containing two fluorophores, mCherry and photo-activatable GFP (PAGFP). Expressing UNC-57::CpG in all neurons (with the snb-1 promoter) efficiently rescued the unc-57 locomotion defect (data not shown), suggesting that this chimeric protein was functional.
UNC-57::CpG was highly enriched at synapses (synapse/ axon ratio = 8.6 ± 0.6; n = 38; Figure 3 and Figures 4E and 4F ). UNC-57 fluorescence colocalized with two SV markers, GFP::SNB-1 (synaptobrevin) and GFP::RAB-3 ( Figure 3A and Figure S4A ). By contrast the majority of UNC-57 fluorescence did not colocalize with the endocytic markers APT-4::GFP and DYN-1::GFP ( Figure 3B and data not shown). Thus, at steady state the majority of UNC-57 was targeted to the SV pool. This conclusion is consistent with prior studies suggesting that endophilin cofractionates with SVs in biochemical purifications and that anti-endophilin antibodies labeled SVs in immunoelectron micrographs (Fabian-Fine et al., 2003; Takamori et al., 2006) .
To further investigate how UNC-57 associates with the SV pool, we analyzed unc-104 KIF1A mutants. In unc-104 mutants, anterograde transport of SV precursors is defective, resulting in a dramatic decrease in the abundance of SVs at synapses, and a corresponding increase in the abundance of SVs in neuronal cell bodies (Hall and Hedgecock, 1991) . We found a similar shift in UNC-57 abundance from axons to cell bodies in unc-104 mutants ( Figure 3C ), consistent with prior studies (Schuske et al., 2003) . These results suggest that UNC-57 and SV 
BAR Domains Promotes SV Endocytosis
(A-C) Transgenes encoding wild-type and mutant BAR domains (1-247) from rEndoA1 BAR were analyzed for their ability to rescue locomotion rate (A), the surface Synaptobrevin (SpH) ( Figure S3B ), and EPSC rate (B and C) defects of unc-57 mutants. The DH1, A66W, and M70S,I71S mutations alter membrane tubulation activity but have little or no effect on membrane binding in vitro (Gallop et al., 2006; Masuda et al., 2006) . All transgenes were tagged with mCherry at the C terminus to assess differences in expression levels ( Figure S3 ). (D) Transgenes expressing BAR domains derived from different proteins were compared for their ability to rescue the locomotion rate defect of unc-57 mutants. BAR domains are indicated as follows: rat endophilin A (rEndo A1, A2, and A3; residues 1-247); lamprey endophilin A (LampEndo; residues 1-248); C. elegans endophilin B (CeEndo B; residues 1-267); rat endophilin B (rEndo B; residues 1-247); and rat amphiphysin (ramphiphysin; residues 1-250). (E) Alignment of the H1 helix sequence is shown for the indicated BAR domains. The A66 residue (green, arrow) is required for tubulation activity (Masuda et al., 2006) . rEndo A3 has a sequence polymorphism (S64Y) compared to the A1 and A2 isoforms. (F) Rescuing activities of rEndo A1, A2, A3, and A3(Y64S) BAR domains for the unc-57 mutant locomotion defect are compared. All transgenes were expressed in all neurons using the snb-1 promoter. The number of animals analyzed for each genotype is indicated. ** and *, significant differences compared to WT (p < 0.001 and p < 0.01, respectively). ## , p < 0.001 when compared to unc-57 mutants.
Error bars, SEM. See also Figure S3 .
A B C Figure 3. Endophilin Is Targeted to the SV Pool at Presynaptic Terminals
Full-length unc-57 endophilin was tagged at the C terminus with mCherry and photoactivatable GFP (designated as CpG) (schematic shown in Figure 4A ). precursors are cotransported to synapses by UNC-104 KIF1A, as would be expected if UNC-57 were associated with SV precursors. The UNC-57 targeting defect in unc-104 mutants is unlikely to be a secondary consequence of an underlying defect in active zone assembly because targeting of several active zone proteins was unaltered in the unc-104 mutants (Kohn et al., 2000; Koushika et al., 2001) . Taken together, these results support the idea that the majority of UNC-57 is targeted to SVs, despite the fact that endophilin functions at endocytic zones (which are lateral to the SV pool). Given the preceding results, we would expect that the SV pool contains binding sites that retain UNC-57. To test this idea we analyzed UNC-57::CpG dispersion following photoactivation at individual synapses ( Figures 4A-4D ). Photoactivated synaptic UNC-57 rapidly dispersed into the axon (t = 28.1 ± 3.3 s; n = 22), whereas the mCherry signal was unaltered. Mobile photoactivated UNC-57 was rapidly recaptured at adjacent synapses ( Figure S4B ). Photoactivated UNC-57 was not observed in axons between synapses, presumably because our imaging rate (1 frame/s; Figure S4B ) was not fast enough to detect the diffusion of mobile UNC-57. Although we could not directly measure its diffusion rate, these results suggest that UNC-57 released from the SV pool diffuses as a soluble cytoplasmic protein (which would have a predicted t $140 ms).
A prior study showed that a subpopulation of SVs is mobile and can be shared between adjacent synapses (Darcy et al., 2006) . Three results suggest that dispersion of UNC-57::CpG is unlikely to reflect mobility of SVs bound to UNC-57: (1) photorecovery of an SV marker (GFP::RAB-3) was much slower than that of UNC-57::GFP ( Figure S4C) ; (2) given the slow mobility of SVs, if the mobile fraction of UNC-57 remained bound to SVs, we should have detected dispersion of photoactivated UNC-57 in axons between synapses; and (3) a small fraction of SVs (2%-4%) are mobile in cultured neurons (Darcy et al., 2006; Jordan et al., 2005) , whereas 60% of UNC-57 was exchanged in 25 s (as measured by both photoactivation and FRAP) ( Figure 4C and Figure S4D ). These data indicate that SV mobility cannot account for the dispersion of photoactivated UNC-57 and instead support the idea that dispersion is mediated by unbinding of UNC-57 from the SV pool.
Exocytosis Regulates Endophilin Binding to the SV Pool
Because endophilin is targeted to the SV pool, it is possible that endophilin is delivered to endocytic zones by exocytosis. If this were the case, we would expect that mutations altering exocytosis rates would also alter UNC-57 recruitment to synapses. Consistent with this idea, UNC-57 puncta fluorescence was significantly increased in both unc-18 Munc18 and unc-13 Munc13 mutants (12% and 1% wild-type EPSC rates, respectively) (Madison et al., 2005; Weimer et al., 2003) (Figures 4E and 4F) . Thus, decreased SV exocytosis was accompanied by increased UNC-57 synaptic abundance. By contrast the tom-1 Tomosyn mutation increases SV exocytosis (McEwen et al., 2006) and caused a parallel decrease in UNC-57 puncta fluorescence (data not shown). Double mutants lacking both UNC-13 and TOM-1 had intermediate SV fusion rates (McEwen et al., 2006) and UNC-57 synaptic abundance values that were intermediate to those observed in either single mutant ( Figure 4F ). These results show that bidirectional changes in exocytosis rate produce opposite changes in UNC-57 synaptic enrichment.
If exocytosis regulates UNC-57 targeting by altering binding to the SV pool, exocytosis mutants should also alter the kinetics of UNC-57 dispersion following photoactivation. Consistent with this idea, dispersion rates were significantly reduced in unc-13 (t = 117.2 ± 13.6 s; n = 20; p < 0.001) and unc-18 (t = 136.2 ± 26.4 s; n = 12; p < 0.001) mutants compared to wild-type controls (t = 28.1 ± 3.3 s; n = 22) ( Figures 4C and 4D ). An intermediate dispersion rate was observed in tom-1 unc-13 double mutants (t = 68.2 ± 6.5 s, n = 18) ( Figure 4D Figure S5 .
that exocytosis rates regulate UNC-57 dissociation from the SV pool, thereby altering steady-state UNC-57 synaptic abundance. The exocytosis mutants utilized for these experiments produce global changes in synaptic transmission at all synapses. Consequently, changes in UNC-57 targeting at one synapse may be caused by altered secretion at other synapses. To address this possibility we inhibited exocytosis in a single class of cholinergic neurons (the DA neurons) by expressing a dominant-negative syntaxin mutant. Prior studies showed that increasing the length of the linker between the transmembrane domain and the SNARE helix of Syntaxin inhibits SNARE-mediated liposome fusion, presumably because the longer juxtamembrane domain prevents close approximation of the donor and target membranes (McNew et al., 1999) . Transgenes expressing Tall Syntaxin in the DA neurons significantly increased synaptic UNC-57 abundance (16.4 ± 1.0; p < 0.001) and decreased the UNC-57 dispersion rate (t = 49.1 ± 3.3 s; p < 0.001) compared to wild-type controls (synapse/axon ratio = 8.6 ± 0.6 and t = 28.1 ± 3.3 s, respectively) ( Figure S5 ). These results indicate that changes in exocytosis rates regulate synaptic recruitment of UNC-57 in a cell autonomous manner, as would be expected if exocytosis regulates UNC-57 binding to the SV pool.
Structural Requirements for UNC-57 Regulation by Exocytosis
We did several experiments to determine how UNC-57 senses changes in exocytosis. A mutant UNC-57 protein lacking the SH3 domain (BAR::CpG) rescues the unc-57 endocytic defects (Figure 1 ) and was properly targeted to the SV pool ( Figure S6A ). In unc-13 mutants the BAR dispersion rate was significantly decreased (WT t = 32.3 ± 2.8 s, unc-13 t = 122.6 ± 16.7; p < 0.001) ( Figure 5A ). By contrast a mutation disrupting membrane binding, UNC-57(DN), eliminated the effect of unc-13 mutations on dispersion rates (WT t = 16.2 ± 3.8 s, unc-13 t = 19.1 ± 1.7 s; p = 0.49) ( Figure 5B ) and significantly reduced UNC-57 synaptic enrichment ( Figure S6 ). These results demonstrate that the membrane-binding activity of the BAR domain is required for UNC-57 regulation by exocytosis.
We next asked if membrane-bending activity of the BAR domain is required for regulation by exocytosis. The UNC-57 (A66W) mutant had increased membrane-bending activity in vitro and decreased rescuing ability in vivo. Nonetheless, the dispersion rates A66W and wild-type UNC-57 were indistinguishable and were slowed to the same extent in unc-13 mutants ( Figure 5C ). Similarly, the dimerization defective UNC-57(DH1I) mutant was localized to presynaptic elements ( Figure S6 ), and its dispersion rate was significantly reduced in unc-13 mutants (WT t = 20.5 ± 2.5 s, unc-13 t = 48.5 ± 5.2 s; p < 0.001) ( Figure 5D ). These data suggest that endophilin monomers bind to SVs and that exocytosis stimulates unbinding of monomers from SVs. Thus, membrane-bending activity is not required for UNC-57 binding to the SV pool or for its regulation by exocytosis.
Although monomeric UNC-57 retained the ability to sense changes in exocytosis, the DH1I dispersion rate was significantly faster than that observed for wild-type UNC-57 ( Figure 5D ), and the DH1I synaptic enrichment was also reduced ( Figure S6B ). These results suggest that monomeric UNC-57 binds to SVs with lower affinity than UNC-57 dimers.
RAB-3 Promotes UNC-57 Targeting to the SV Pool
If UNC-57 binds directly to SVs, we would expect that a protein associated with SVs would promote its synaptic targeting. Several results suggest that the RAB-3 GTP-binding protein enhances UNC-57 recruitment to the SV pool. To test the role of RAB-3, we analyzed aex-3 mutants. The aex-3 gene encodes the GDP/GTP exchange factor for RAB-3 and AEX-6 Rab27 (AEX-3 Rab3GEF). Mutants lacking AEX-3 have an SV exocytosis defect that is very similar to the defect observed in rab-3; aex-6 Rab27 double mutants (Mahoney et al., 2006) . As in other exocytosis mutants, photoactivated UNC-57 dispersed more slowly in aex-3 mutants (t = 45.5 ± 5.1 s; p < 0.01; Figure 6C ). Given this reduced UNC-57 dispersion rate, we would expect that aex-3 mutants would have increased synaptic enrichment of UNC-57. Surprisingly, UNC-57 synaptic enrichment was significantly reduced (28% decrease) in aex-3 mutants (WT 8.6 ± 0.6, aex-3 6.2 ± 0.6, p < 0.01; Figures 6A and 6B) , unlike the increased enrichment observed in other exocytosis mutants (e.g., unc-13 32.5 ± 2.1). This result is not due to a generalized decrease in the abundance of SV proteins because aex-3 mutants had increased SNB-1 synaptobrevin accumulation (38% increase, p < 0.001) (Ch'ng et al., 2008) . These results suggest that inactivating the AEX-3 Rab3GEF reduced UNC-57 recruitment to the SV pool but did not prevent exocytosis-dependent regulation of UNC-57 unbinding from the SV pool.
Because aex-3 mutants also have an exocytosis defect (and consequently a decreased UNC-57 dispersion rate), it is likely that this experiment underestimates the magnitude of the aex-3 defect in UNC-57 synaptic recruitment. To more accurately assess the role of AEX-3, we analyzed unc-13; aex-3 double mutants, in which SV exocytosis is nearly completely blocked. UNC-57 synaptic enrichment was significantly reduced in unc-13; aex-3 double mutants (39% decrease), when compared 
RAB-3 and the Rab3 GEF (AEX-3) Regulate Endophilin Targeting to SVs
Representative images (A) and quantification (B) of UNC-57::CpG synaptic enrichment in WT, aex-3, unc-13, and unc-13;aex-3 double mutants are shown (Synaptic enrichment: WT 8.6 ± 0.6; aex-3 6.2 ± 0.6; unc-13; aex-3 19.6 ± 1.2, unc-13 32.1 ± 2.2-fold). Dispersion rates of UNC-57::CpG in WT (t = 28.1 ± 3.3 s) and aex-3 mutant (t = 45.5 ± 5.1 s) animals were compared in (C). (D and E) UNC-57::CpG distribution in transgenic unc-13 mutant animals with overexpressed RAB-3 (Q81L) or (T36N) was studied. Overexpression of RAB-3 (Q81L), but not RAB-3 (T36N), significantly reduced UNC-57::CpG synaptic enrichment in unc-13 mutants. **, p < 0.001 and *, p < 0.01, compared to WT controls. Error bars, SEM.
to unc-13 single mutants (unc-13; aex-3 19.6 ± 1.2, unc-13 32.1 ± 2.2 fold; p < 0.001; Figures  6A and 6B ). Thus, changes in exocytosis cannot explain the aex-3 mutant defect in UNC-57 synaptic recruitment. Instead, these results support the idea that AEX-3 promotes UNC-57 recruitment to the SV pool. We next asked if the AEX-3 substrate RAB-3 regulates UNC-57 targeting. In aex-3 mutants, RAB-3 is absent from axons and accumulates in neuronal cell bodies (Mahoney et al., 2006) . Therefore, defects in UNC-57 targeting could arise from either lack of axonal RAB-3 or from mis-regulation of RAB-3 GTP/GDP cycle. Expression of a GTP-locked (Q81L) form of RAB-3 significantly reduced UNC-57::CpG synaptic accumulation in unc-13 mutants (Figures 6D and 6E ). In contrast, the GDP-locked (T36N) form of RAB-3 had no effect on UNC-57 enrichment. Taken together, these data suggest that AEX-3 and RAB-3,GTP regulate UNC-57 targeting to the SV pool, even when exocytosis is blocked.
A Plasma Membrane-Anchored Endophilin Is Targeted to Endocytic Zones unc-57 mutants accumulate coated membranes and invaginated coated pits (Schuske et al., 2003) . Based on these studies, endophilin has been variously proposed to act before scission or to promote uncoating of endocytic vesicles after scission. Our preceding results suggest a third possibility. Endophilin may also act prior to fusion, i.e., bound to SVs. To distinguish between these possibilities, we designed a mutant form of endophilin that is constitutively bound to the plasma membrane [UNC-57(PM)]. UNC-57(PM) contains full-length UNC-57 and GFP fused to the N-terminus of the plasma membrane protein UNC-64 Syntaxin1A ( Figure S7A ). To control for the impact of Syntaxin's cytoplasmic domains on UNC-57(PM), we also analyzed a deletion mutant lacking the Syntaxin membranespanning domain, termed UNC-57(Cyto).
We analyzed the subcellular distribution of UNC-57 when it is constitutively anchored to the plasma membrane. Unlike UNC-64 Syntaxin1A, which has a diffuse distribution on plasma membranes ( Figure S7B ), UNC-57(PM) was highly enriched in synaptic puncta (Figure 7) . Although UNC-57(PM) and wildtype UNC-57 were both punctate, their properties differed in several respects. UNC-57(PM) puncta were significantly smaller than UNC-57 puncta ( Figure 7A ; puncta width: UNC-57(PM): 0.51 ± 0.02 mm, n = 28; UNC-57: 0.75 ± 0.02 mm, n = 38; p < 0.001). Furthermore, a majority of the UNC-57(PM) fluorescence was colocalized with the endocytic marker APT-4::GFP, whereas far less colocalization was observed with SV pool, labeled with either wild-type UNC-57::CpG (Figure 7 ) or mcherry::RAB-3 (data not shown). By contrast wild-type UNC-57 had the converse pattern, exhibiting greater colocalization with the SV pool than with endocytic zones (Figure 3 and Figure S4A ).
Because UNC-57(PM) and APT-4 puncta are both diffraction limited, it remained possible that these proteins are localized to distinct presynaptic subdomains that cannot be resolved by conventional confocal microscopy. We did several experiments to control for this possibility. First, UNC-57(PM) is unlikely to be targeted to active zones because it failed to colocalize with the active zone marker ELKS-1 ( Figure 7A ). Second, if UNC-57 (PM) is targeted to endocytic zones, then it should behave like other endocytic zone proteins. We previously showed that unc-13 mutations have opposite effects on the synaptic abundance of SV proteins (increasing SNB-1 and RAB-3) versus endocytic proteins (decreasing APT-4 AP2a) (Ch'ng et al., 2008; Dittman and Kaplan, 2006) . The reduced targeting of APT-4 to endocytic zones is presumably caused by the decreased abundance of SV cargo in the plasma membrane when exocytosis is blocked (Dittman and Kaplan, 2006) . UNC-57(PM) puncta fluorescence was significantly decreased (42% ± 3% reduction; p < 0.001) in unc-13 mutants ( Figure 7B ), which is similar to the behavior of APT-4 (21% decrease; p < 0.001), and opposite to the behavior of RAB-3 (26% increase; p < 0.01) (Ch'ng et al., 2008) . Thus, when exocytosis is blocked, UNC-57(PM) behaves like an endocytic protein, and not like an SV-associated protein.
In contrast a membrane-anchored BAR domain [BAR(PM)], lacking the SH3 domain, had a diffuse axonal distribution similar to UNC-64 Syntaxin ( Figure 7C ). UNC-57(Cyto), which lacks the Syntaxin transmembrane domain, behaved similarly to wildtype UNC-57 and other SV proteins, i.e., its synaptic abundance was increased in unc-13 mutants ( Figure S7C) . Thus, the membrane-spanning domain anchors UNC-57(PM) to the plasma membrane, preventing its association with the SV pool. Once anchored in the plasma membrane, the SH3 domain promotes UNC-57 targeting to endocytic zones.
UNC-57(PM) Rescues the Endocytic Defects of unc-57
Mutants To determine if UNC-57 functions on the plasma membrane, we assayed the ability of UNC-57(PM) rescue the synaptic defects of unc-57 mutants. The UNC-57(PM) transgene rescued the unc-57 mutant locomotion and endogenous EPSC rate defects ( Figures 7D and 7E ). Thus, a plasma membrane-anchored form of UNC-57 retains the ability to promote endocytosis. These results suggest that UNC-57 promotes endocytosis by regulating a step that occurs prior to both scission and uncoating of endocytic vesicles. Interestingly, the membrane-anchored UNC-57(PM) protein had significantly less rescuing activity than the UNC-57(Cyto) construct, which lacks the Syntaxin membrane-spanning domain (Figures S7D-S7F ). This discrepancy suggests that the membrane-tethered protein cannot fully reconstitute UNC-57's endocytic function. For example, UNC-57's endocytic activity may be more potent when it is delivered via association with SVs. Alternatively, UNC-57 endophilin may have additional functions that occur after scission. Does membrane anchoring of UNC-57 bypass the requirement for direct interactions between membranes and the BAR domain? Contrary to this idea, an UNC-57(PM) transgene containing the DN mutation failed to rescue the unc-57 mutant synaptic defects ( Figures 7D and 7E ), although this mutant protein was efficiently targeted to synaptic puncta ( Figure 7C ). The BAR(PM) protein, which lacks the SH3 domain, had a diffuse axonal distribution ( Figure 7C ) yet rescued the EPSC defect to an equivalent level as the UNC-57(PM) protein (Figures 7D and 7E) . Thus, a diffusely distributed membrane-anchored BAR domain was sufficient to support SV endocytosis ( Figures 7D and 7E) . Interestingly, endogenous EPSC amplitudes were significantly larger in animals expressing BAR(PM) compared to those observed in animals expressing UNC-57(PM) (p = 0.018; Figures  7D and 7E ), suggesting that SV recycling had been subtly altered by removing the SH3 domain.
DISCUSSION
Our results lead to six primary conclusions. First, endophilin promotes SV endocytosis by acting as a membrane-bending molecule, not as a molecular scaffold. Second, endophilin functions on the plasma membrane, promoting an early step in endocytosis (prior to scission of endocytic vesicles). Third, endophilin A BAR domains are specialized to promote SV endocytosis. Fourth, endophilin is targeted to synapses by its association with the SV pool. Fifth, RAB-3 promotes endophilin association with the SV pool. And sixth, endophilin dissociation from the SV pool is regulated by exocytosis. Collectively, these results argue that endophilin undergoes a membrane association/dissociation cycle that parallels the SV cycle. Below we discuss the implications of these results for understanding SV endocytosis.
Endophilin Functions as a Molecular Scaffold
Prior studies proposed that endophilin primarily functions as a scaffolding molecule, recruiting other endocytic proteins via its SH3 domain (Dickman et al., 2005; Gad et al., 2000; Ringstad et al., 1999; Schuske et al., 2003; Verstreken et al., 2002 Verstreken et al., , 2003 . Consistent with these studies, we find that synaptojanin abundance at synapses was modestly reduced, whereas DYN-1 and APT-4 AP2a abundance were increased in unc-57 mutants. Several results argue against the idea that this putative scaffolding function constitutes endophilin's major role in endocytosis. Deleting the SH3 domain did not impair the endocytic function of UNC-57. Similarly, deleting the PRD did not impair synaptojanin's endocytic function, which agrees with analogous experiments analyzing mouse synaptojanin (Mani et al., 2007) . Finally, changes in synaptojanin and dynamin targeting did not correlate with rescue of the unc-57 endocytic defects. Thus, altered recruitment of endocytic molecules is unlikely to account for the endocytic defects of unc-57 mutants. Instead, these localization defects are more likely a secondary consequence of the endocytic defects.
What Is Endophilin's Function in Endocytosis?
Beyond scaffolding, several other mechanisms have been proposed for endophilin's endocytic function, including promoting early steps (prior to scission) and later steps (e.g., uncoating of endocytosed vesicles). Our results indicate that endophilin acts at the plasma membrane and, consequently, must function prior to scission. An endophilin mutant that is permanently anchored to the plasma membrane [UNC-57(PM)] reconstitutes SV endocytosis when expressed in unc-57 mutants. UNC-57(PM) remains in the plasma membrane and does not equilibrate into the recycled SV pool. Thus, at least one aspect of endophilin function can be executed at the plasma membrane. Our results do not exclude the possibility that endophilin also has a later function.
Our analysis suggests that the BAR domain, and its membrane-bending activity, plays the primary and essential function of endophilin in SV endocytosis. The curvature-inducing activity of endophilin could promote internalization of cargo from the plasma membrane. Consistent with this idea, the membraneanchored UNC-57(PM) protein was highly enriched at endocytic zones. A prior study showed that endophilin accumulates along the neck of plasma membrane invaginations following inactivation of dynamin, also consistent with endophilin acting prior to scission (Ferguson et al., 2009) . Alternatively, the membranebending function of the BAR domain could act following scission, perhaps by accelerating vesicle uncoating.
The SH3 domain is conserved in all endophilin proteins, implying that it plays an important role. Although not essential for endocytosis, several results indicate that the SH3 domain regulates endophilin's activity in certain contexts. Once anchored to the plasma membrane, the SH3 domain targeted UNC-57 to endocytic zones, presumably via interactions with dynamin or synaptojanin. Although membrane-anchored constructs containing and lacking the SH3 domain and BAR(PM)] rescued the unc-57 endocytic defects equally well, EPSC amplitudes (a measure of quantal size) were significantly increased by the BAR(PM) transgene. In principle, an increased quantal size could be caused by delayed scission, which would produce larger recycled SVs. Alternatively, this defect could arise from faster refilling of recycled SVs with neurotransmitter (e.g., by increased recycling of VAChT transporters). Whatever the mechanism involved, our results suggest that endophilin alters quantal size only in specific circumstances because EPSC amplitudes were not altered in unc-57 null mutants. Similarly, at the Drosophila larval NMJ, Endophilin's effect on quantal size varied depending on the stimulus rate (Dickman et al., 2005) . Collectively, these results are most consistent with the idea that endophilin has multiple functions at the plasma membrane, perhaps including both internalization of endocytic cargo and adjusting the timing of membrane scission.
BAR Domain Specificity
Membrane-bending activity is a shared feature of most (perhaps all) BAR proteins (Peter et al., 2004) ; however, only two BAR proteins (endophilin and amphiphysin) have been implicated in SV endocytosis. This suggests that BAR domains contain other determinants that confer specificity for distinct membranes and trafficking functions. In support of this idea, BAR domains derived from endophilin B and amphiphysin did not rescue unc-57 endocytic defects, whereas those derived from several endophilin A proteins did rescue. The endocytic function of rEndoA1 and A3 BAR domains differed significantly due to a sequence difference in the H1 helix. Thus, the H1 helix may confer functional specificity to BAR domains.
Endophilin Is Targeted to the SV Pool Although endophilin functions at endocytic zones, our results suggest that that 90% of endophilin at presynaptic sites is bound to the SV pool, whereas the remainder has a diffuse axonal distribution. We propose that UNC-57 association with SVs is mediated by at least two factors: direct binding of the BAR domain to the SV membrane (disrupted by the DN mutant) and a second RAB-3 dependent mode of SV binding (disrupted in aex-3 Rab3 GEF mutants). The RAB-3 effect is likely mediated by the GTPbound form of RAB-3 and is independent of RAB-3's effect on SV exocytosis. Further study is needed to determine if this is mediated by direct binding of RAB-3 to UNC-57. Prior studies also support endophilin's association with the SV pool (FabianFine et al., 2003; Takamori et al., 2006) .
SV Exocytosis Provides Soluble Endophilin at Synapses
Our results suggest that endophilin undergoes an association/ dissociation cycle with SVs and that dissociation from SVs is stimulated by exocytosis. By analyzing a panel of mutants with a range of exocytosis rates, we observed that the rate of UNC-57 dispersion (or unbinding from the SV pool) was positively correlated with the exocytosis rate. A mutant UNC-57 lacking membrane-binding activity (DN) was not regulated by the exocytosis rate, suggesting that binding of UNC-57 to SVs is required to sense exocytosis. By contrast neither tubulation defective mutants nor dimerization mutants prevented UNC-57 regulation by exocytosis. Thus, distinct biochemical properties of endophilin are required for binding to SVs, sensing exocytosis, and promoting endocytosis. A consequence of this mechanism for regulating endophilin availability is that proteins previously thought to act solely during SV exocytosis (e.g., RAB-3 and AEX-3 Rab3 GEF) also have the potential to regulate endocytosis.
Implications for Regulating SV Endocytosis SV endocytosis is tightly coupled to exocytosis, which allows neurotransmission to be sustained and presynaptic membrane turnover to remain balanced. To date, the mechanism underlying coupling of SV exo-and endocytosis is not well understood. Two general models have been proposed. First, changes in presynaptic calcium could potentially produce coordinated changes in exo-and endocytosis because calcium potently regulates both processes (Dittman and Ryan, 2009) . A recent publication proposed a second model, whereby rate-limiting endocytic proteins are delivered to endocytic zones by associating with SVs (Shupliakov, 2009) . For example the endocytic proteins' intersectin and EPS15 were previously shown to associate with the SV pool in resting synapses, but both are dynamically recruited to endocytic zones following depolarization (Shupliakov, 2009 ).
Consistent with the latter model, we propose that wild-type UNC-57 is delivered to synapses via its association with SVs, that the endocytic pool of UNC-57 is provided by unbinding from the adjacent SV pool, and that UNC-57 delivery to endocytic zones is stimulated by exocytosis. The requirement for SV-mediated delivery can be bypassed by artificially anchoring UNC-57 to the plasma membrane. However, the membrane-anchored protein had diminished rescuing activity, implying that UNC-57's endocytic activity is more potent when delivered via association with SVs.
Several results support this model. Endophilin binds to the SV pool, and dissociation from SV's is stimulated by exocytosis. The SV-bound pool of UNC-57 is likely to be inactive for several reasons. First, SV binding sequesters endophilin away from endocytic zones. And second, our results suggest that endophilin bound to SVs remains in an inactive, monomeric conformation. Upon release from SVs, soluble endophilin monomers would be free to form active dimers and to subsequently promote membrane bending at endocytic zones. Because soluble UNC-57 diffuses into the cytosol, we propose that exocytosis would provide a pulse of active endophilin, thereby promoting endocytosis at the adjacent endocytic zone. It is worth noting that such an increase in endophilin concentration at endocytic zones is transient, i.e., soluble endophilin concentration rapidly decreases with time and distance, providing a tight temporal and spatial control on exocytosis-endocytosis coupling. Calcium regulation is unlikely to explain our results because presynaptic Ca 2+ currents were unaltered in Munc13-1/2 double knockout neurons (Varoqueaux et al., 2002 ), yet unc-13 mutations potently regulated UNC-57 unbinding from SVs. It is also possible that both mechanisms act in concert to couple exo-and endocytosis. Our results also predict that distinct endocytic mechanisms may be employed during stimulus trains, versus those utilized following stimulation. During a stimulus, soluble endophilin will be continuously provided by ongoing SV exocytosis. By contrast, following a stimulus, exocytosis rates decline, and the concentration of soluble endophilin will drop dramatically. Thus, we predict that endophilin does not play an important role in compensatory endocytosis. Indeed, a slow form of SV endocytosis persists in mutant flies lacking endophilin (Dickman et al., 2005) . Prior studies of dynamin-1 knockouts also support the idea that distinct modes of endocytosis occur during versus after stimulus trains (Ferguson et al., 2007) . We speculate that delivery of key endocytic proteins by SV exocytosis provides a potential mechanism to explain the different modes of endocytosis that occur at synapses. Because endophilin potentially functions at multiple steps of the recycling pathway, these modes of endocytosis may differ in several ways (e.g., endocytosis rate, quantal size, and the rate at which recycled SVs become available for rerelease).
EXPERIMENTAL PROCEDURES Strains
A full list of strains is provided in the Extended Experimental Procedures. Transgenic animals were prepared by microinjection, and integrated transgenes were isolated following UV irradiation, as described (Dittman and Kaplan, 2006) . Constructs cDNAs of unc-57 and erp-1 were amplified from total mRNA extracted from wild-type worms. cDNAs of rEndoA1, A2, A3, endophilin B1, and amphiphysin were amplified from a cDNA library from Clontech (Mountain View, CA, USA). cDNA of lamprey endophilin was synthesized by Genscript (Piscataway, NJ, USA). All constructs were generated using modified pPD49.26 vectors. A more detailed description of all constructs is provided in the Extended Experimental Procedures.
In Vivo Microscopy and Image Analysis Animals were immobilized with 2,3-Butanedione monoxamine (30 mg/ml; Sigma-Aldrich), and images were collected with an Olympus FV-1000 confocal microscope with an Olympus PlanApo 60 3 Oil 1.45 NA objective at 53 zoom, a 488 nm Argon laser (GFP), a 559 nm diode laser (mCherry), and a 405 nm diode laser (photoactivation). Detailed descriptions of the photoactivation protocol and image analysis are provided in the Extended Experimental Procedures.
Worm Tracking and Locomotion Analysis
Locomotion behavior of young adult animals (room temperature, off food) was recorded on a Zeiss Discovery Stereomicroscope using Axiovision software. The center of mass was recorded for each animal on each video frame using object-tracking software in Axiovision. Imaging began 1 hr after worms were removed from food.
Electrophysiology
Strains for electrophysiology were maintained at 20 C on plates seeded with HB101. Adult worms were immobilized on Sylgard-coated coverslips with cyanoacrylate glue. Dissections and whole-cell recordings were carried out as previously described (Madison et al., 2005; Richmond and Jorgensen, 1999) . Statistical significance was determined on a worm-by-worm basis using the Mann-Whitney test or Student's t test for comparison of mean frequency and amplitude for endogenous EPSCs.
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